ABSTRACT To examine the question of whether or not the genetic code has a stereochemical basis, we used artificial constructs of the topography and physicochemical features of unique "cavities" formed by removal of the second codon base in B-DNA. The effects of base changes on the stereochemistry of the cavities are consistent with the pattern of the genetic code. Fits into the cavities of the side chains of the 20 L amino acids involved in protein synthesis can be demonstrated by using conventional physicochemical principles of hydrogen bonding and steric constraints. The specificity of the fits is remarkably consistent with the genetic code.
Twenty years have passed since the discovery of the genetic code (1, 2) . However, the exact nature of the relationship between the sequences of three consecutive nucleotide bases known as codons and the unique group of 20 L amino acids involved in protein synthesis is still uncertain. There have been many descriptions of physicochemical relationships between amino acids and the purine and pyrimidine moieties of their codons , but a satisfactory stereochemical explanation of the code remains to be established. This state of affairs prompted Crick (6) to propose that the code might be a "frozen accident" of the evolutionary process while nonetheless advising that "It is therefore essential to pursue the stereochemical theory. " In our search for various stereochemical approaches to the genetic code (11, 12) , we discovered that many ofthe side chains ofthe 20 L amino acids are similar in structure to the purine and pyrimidine bases of DNA (12) . When the a-amino group of an amino acid is positioned at N-9 ofa purine or N-1 ofa pyrimidine as shown in Fig. 1 , the side chain can assume a conformation in which the atomic arrangements are like those of a purine or a pyrimidine in a complementary Watson-Crick base pair. Amino acids with hydrophilic moieties can form complementary hydrogen bonding pairs with nucleic acid bases which are analogous to those in base pairs. Hydrophobic amino acids in many cases appear to be capable of forming complementary van der Waals surfaces with one of the bases (Fig. 1 ). With 14 of the 20 L amino acids only one complementary amino acid-base pair is possible; in each case, the base is the second in its anticodon.
These observations suggested that it might be possible to use modeling to incorporate amino acids directly into B-DNA as if they were bases. Using Corey-Pauling-Koltun (CPK) spacefilling molecular models, Kendrew models, and the National Institutes of Health x-ray computer graphics system (48) we found that amino acids could be incorporated with apparent stereochemical specificity into DNA without disrupting the double helix. This was especially evident when models ofamino acids were placed in cavities created by removal of the second base of their codons and were thus paired with the adjacent second base of their anticodons (12) (see Fig. 2 ). The concept of pairing amino acids and nucleotide bases (36) (37) (38) (39) (40) (41) (42) could intercalate and form stereospecific hydrophobic stacking complexes between bases. Upon closer examination of the stereochemical and related physicochemical factors that allowed us to incorporate amino acids into models ofDNA with such ease and specificity, it became apparent that the stereochemical influences of the neighboring first and third bases of the codon (Fig. 2) were important to the molecular topography ofthe space in the B-DNA helix into which amino acids were fitted, and that they needed definition.
We therefore constructed scale models of the space formed by the removal of a base from CPK models of DNA. We used models based upon B-DNA rather than other forms of DNA or RNA (e.g., mRNA-tRNA complexes which might be of more direct stereochemical relevance to the code) for convenience. The unique symmetrical features of the x-ray structure of B-DNA including the dyad axis facilitated the construction of our models. Each ofthe resulting 64 possible spaces, which we simply call "cavities" for the lack ofa better term, has unique physicochemical and topographic features. In this report, we have selected illustrations ofsome ofthe cavities to present evidence for: (i) a stereochemical correlation between individual DNA cavities that is consistent with the general pattern ofthe genetic code; (ii) a stereochemical fit (in some cases apparently lock and key) of the amino acids into certain specific cavities; and (iii) a remarkable correlation of the fits of the amino acids in cavities to the genetic code.
Although the approach we have chosen is derived from conventional physicochemical relationships between base pairs in DNA (hydrogen bonding and stacking interactions) as well as from steric constraints related to the known position ofthe bases in a B-DNA double helix, the cavities are no more than artificial constructs. Thus, we do not suggest that the cavities are real, that they are germane to the evolution of the code, or that they are involved in the mechanism oftranscription or oftranslation. We believe, however, that our findings suggest that there is a remarkable complementarity between amino acid side chains and cavities derived from their codons. This provides new evidence for a stereochemical rationale for the genetic code. Relationship of the cavities to one another and to the pattern of the genetic code We made CPK models of the B form of DNA which approximated the published x-ray coordinates ofthe National Institutes ofHealth computer graphics system (48). A single base was then removed without disrupting the remainder of the DNA structure (see Fig. 2 ). To simplify modeling the resulting cavity, we then reconstructed the DNA without the sugar-phosphate backbone. Detailed descriptions ofthe technical aspects ofconstruction can be found elsewhere (62) .
Each of the 64 cavities constructed from the 64 possible triplet sequences in DNA has a unique size, shape, and set ofphysicochemical features. Because oflimitations in space, we cannot depict every cavity or their relationships to one another. We have therefore chosen to illustrate the effects ofchanging a base on one cavity formed from the codon sequence CAC (the middle base A was removed). In Fig. 3 these changes are illustrated by the two-dimensional overlap of base profiles and by the shape of"center slices" ofthe cavities-silhouettes drawn from a slice parallel to the base pairs through the middle of each cavity.
Regardless of the particular cavity being studied, changes in the 3' or third base generally affect the size, shape, and physicochemical properties least because ofthe right-handed helical coiling of DNA-i.e., less of the third base overlaps the cavity (Fig. 3) the adjacent base A and code for hydrophobic amino acids. The first codon base, which has the greatest effect on the shape of the cavity, also seems to be of some significance to the pattern ofthe code. For example, some ofthe structurally related amino acids and the cavities associated with their codons have similar shapes (not shown). The relationship of cavities to the code is even more compelling when cavities constructed from two of the three stop codons (TAA/TAG) are examined. Their topographical and physicochemical properties are closely related to each other but are distinct from the 62 others. The third stop codon, TGA, which occasionally codes for tryptophan (63) , has a shape similar to that ofTAA and TAG but differs in hydrogenbonding character due to the difference in the second base (G versus A). Fitting of models of amino acids into cavities To investigate the relationship ofthe amino acids to the cavities, we attempted to fit CPK models of each of the 20 L amino acids into each of the 64 cavities. This was accomplished by placing the a-amino group ofthe amino acid in the position in the cavity where the missing purine or pyrimidine would have been attached to deoxyribose (at N-9 or N-1, respectively; see Fig. 1 ). The possible conformations of the amino acid models to be considered as fits were subject only to three constraints.
(i) Amino acids having side chains with hydrogen-bonding heteroatoms were placed so that they would form complementary hydrogen bonds to the adjacent base. The hydrogen bond between the side chain and the adjacent base was considered to be complementary if the direction of the bond was not more than 100 out of the plane defined by the hydrogen-bonding angle of the adjacent base. In all cases, with the exception of Llysine and L-tyrosine (which form hydrogen bonds to 0-4 of the adjacent base T), the amino acids were hydrogen bonded to either N-1 of the adjacent purine or N-3 of the adjacent pyrimidine. Because the directionality ofhydrogen bonding is known to be an important criterion for the strength of chemical interaction between biological molecules, as exemplified by Wat- son-Crick base pairs themselves, this appears to be a reasonable criterion for fit.
(ii) All amino acid side chains were required to come in contact with the adjacent base. This seems to be a reasonable requirement inasmuch as physicochemical interactions between hydrophobic surfaces require contact within van der Waals radii.
(iii) For partial definition ofthe steric limitations imposed by the cavities we have assumed that any conformation ofan amino acid that extends beyond the boundaries of a cavity cannot fit into it. For present purposes we have defined a nonfit as having approximately 10% or more ofthe volume ofthe side chain protruding out of the cavity.
We have not attempted in this paper to specify the exact position of the a-carboxylate group of an amino acid in a cavity. Preliminary observations of the fits of CPK models of each amino acid into all 64 cavities, with CPK models of the entire DNA helix, indicate that the carboxy group can extend in the direction of the minor groove of DNA. Using CPK models and the National Institutes of Health x-ray computer graphics system, we have also found that the 2'-hydroxy group of ribose in double-stranded RNA could serve as a connector to an amino acid through an ester linkage (as in tRNA); the fits ofamino acids were similar to those observed with DNA cavities.
With these criteria, the amino acids fit remarkably well into cavities formed from their codons. Fig. 4 is an artist's representation of the fit of L-histidine into the cavity formed from CAC, one of its codons. The considerable specificity exhibited by the fits of the amino acids into the cavities constructed from their codons is summarized below and in Fig. 5 .
a. Each of the 19 L amino acids with side chains fits into one or more of the 64 (obvious exceptions would be symmetrical codons such as CTC). This finding is consistent with the genetic code.
d. All amino acids having hydrophilic side chains can form complementary hydrogen-bonding pairs with the "adjacent" or second base of their anticodons.
e. When 1 ofthe 19 amino acids cannot be fitted into a specific cavity-the situation with approximately 80% of the possible 1280 combinations-that cavity is not one associated with any of the codons for the amino acid.
f When an amino acid fits into a cavity not derived from any of its codons, the codon from which that cavity is obtained often differs in only a single base. When this occurs the cavities usually appear to be stereochemically related, and in many cases they are associated with structurally related amino acids (e.g., tyrosine/phenylalanine, valine/isoleucine, isoleucine/leucine, asparagine/aspartic acid, glutamine/glutamic acid, threonine/serine).
g. Cavities derived from two of the three stop codons, TAA and TAG, have unusual topographies which do not accommodate any amino acid.
h. Glycine, which does not have a side chain, does not fit into any cavity including cavities formed by removal of the second base of its codons (GGX).
These preliminary stereochemical fits are clearly consistent with the overall pattern of codon assignments in the genetic code which has been based on experiments involving the translation of amino acids from synthetic oligonucleotide templates into oligopeptides. Although some of the alternate fits in Fig.  5 do not directly reflect the codon catalogue, measurements of the energetics and development of a more accurate three-dimensional topography for defining the cavities should result in more rigorous criteria and therefore in greater specificity.
Discussion
The topographical and physicochemical relationships between cavities formed from codon-anticodon sequences in doublestranded B-DNA, the stereochemical fits ofamino acids into the cavities, and the physicochemical complementarity of amino acids to the specific cavities associated with their codons are consistent with the pattern ofthe genetic code. The remarkable complementary lock-and-key fits of several of the amino acids into cavities formed from their codons along with the obvious inability of many alternative amino acid structures to fit any DNA cavities suggest that stereochemical features ofthe genetic code may be related to constraints on the number and structure of the amino acids used for the biosynthesis of proteins.
These preliminary findings may be interpreted as strong evidence that the genetic code has a stereoehemical basis, whether or not it is precisely the one we have proposed. Although our models of cavities have not yet been tested and represent a novel stereochemical approach to the genetic code, there is a large body ofprior work which can be considered as supportive.
For example, Jungck (15) found that the polarity, bulkiness, and specific volume of the amino acids (precisely the attributes important for fitting into cavities) could be correlated with the code. Experiments by Weber and Lacey (35) (43) have also demonstrated that the relative hydration potentials of the amino acids can be correlated with the second base in the code. The importance of the second base position in determining the properties of the amino acids has also been emphasized in a computer-generated code by AlffSteinberger (3) and by studies ofprotein structure by Dickerson (7), Volkenstein (33) , and Zhdanov (47) . Woese (36) (37) (38) (39) (40) (41) (42) , who has long been a proponent of a stereochemical rationale for the code, also proposed that base/amino acid pairing played a role in the shaping ofthe code. He also noted the strong correlations between the second base and the amino acid coded for in that errors in translation occur with a relative frequency of 1:10:100 for the second, first, and third bases of the codon, respectively. The effects of base changes on the physicochemical properties and topography of the cavities are also in the order II>I>>III.
Perhaps the most significant weakness in our presentation is that we may have been biased by prior knowledge of the existence of the genetic code. It would have been preferable, albeit unrealistic, to have first established the genetic code via a stereochemical rationale and then to have proven its-existence in the laboratory with synthetic oligonucleotides. In addition, we are not able to describe properly the putative complementarity and packing of hydrophobic surfaces of amino acid side chains with nucleic acid bases or the possible role of water exclusion in such interactions. This is in part because it is not yet possible to define in precise physicochemical terms the striking lock-and-key fits of amino acid side chains into the cavities derived from their codons.
The potential importance ofstereochemical complementarity of amino acids and other small molecules with nucleic acids in the regulation of cell function has been described elsewhere (11, 12, (64) (65) (66) (67) (68) . We have shown with models that some amino acids as well as structurally related molecules might be capable of intercalation between the first two bases of their codons in double-stranded nucleic acids (DNA or RNA), allowing for shifting and pairing of the adjacent (second) base of the anticodon with the amino acid side chain (11, 64, 65) . Subsequent removal of the entire second codon nucleotide would result in cavities similar to those described in this paper, albeit with a different configuration ofthe sugar-phosphate backbone. The interaction of amino acid side chains in such cavities would be similar, whereas the positions of the a-NH3' and carboxylate moieties would be different.
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